Product angular and velocity vector distributions have been measured in a crossed beam experiment for the charge transfer process Ar+ +H2---lAr+H; at relative collision energies of 0.13, 0.48, and 3.44 eV. Charge transfer was found to occur by two distinct mechanisms: (I) a simple electron-jump mechanism which preserves the quasirectilinear trajectories of the colliding species and which selectively produces H; in the vibrational state most nearly resonant with the reactant ion, and (2) an intimate-collision mechanism which results in large-angle scattering and which produces H; in a broad range of vibrational states.
I. INTRODUCTION
Because of the familiar problem of detecting very low (i. e., quasithermal) energy product ions, little direct experimental information exists on the collision dynamics of charge transfer processes at low collision energies. In a few cases, however, translational energy distributions have been measured l -4 for the ionic products of electron transfer reactions. Recent studies in this laboratory have provided complete product contour maps (i. e., velocity and angular distributions) for two charge transfer reactions: (i) Ar+ + NO, a system in which chemical reaction (atomic rearrangement) does not occur and in which charge transfer proceeds, in part, via the formation of a long-lived collision complex, particularly at the lowest collision energies 5 (a); and (2) Kr+ + CH 4 , an essentially nonreactive system chemically, in which quasiresonant effects could be investigated because of the near continuum of internal states of the polyatomic product molecular ion. 5(b) As part of our continuing systematic investigation of the collision dynamics of charge transfer processes, we report here the results of a crossed beam experiment undertaken with two objectives: first, to determine the manner of energy disposal in an exothermic charge transfer process; second to investigate the competition between charge transfer and chemical reaction, particularly with regard to the frequently-made assumption 6 that, in a reactive system, intimate collisions lead exclusively to atomic rearrangement.
The charge transfer process (1) was selected for this study. This system, in contrast to those previously studied, is very reactive chemically. In fact, the competing rearrangement process (2) is one of the most thoroughly studied ion-molecule reactions. 7_18 There also exist data on the elastic 16 and inelastic 19 scattering at moderate collision energies (-3 eV), as well as theoretical calculations 2o ,21 based upon semiclassical trajectory methods. Finally, reaction (1) has the experimental advantages of a reasonably large cross section (-10 A2 22,23) , large vibrational spacings in the product ion Hi (0.26 eV), 24 and a favorable kinematic factor that allows low center-ofmass (c. m.) collision energies to be achieved.
An energy level diagram for the reactant and product ions is presented in Fig. 1 . The recombination energy of Ar+ in the 2 P3/2 ground state exceeds the vertical ionization potential of H2 by 0.332 eV, an amount sufficient to produce H2 in either the Vi = 0 or the v' = 1 vibrationallevel. The 2P 1 / 2 state of Ar+ lies 0.510 eV above ground state H'2, so the resulting Hi product ion could contain as many as two quanta of vibrational energy. At the lowest collision energy (T) studied, 0.13 e V (c. m.), the total energy available is not sufficient to populate higher vibrational levels of H 2. At T = O. 48 eV, Hi can be produced with as many as two quanta of vibrational energy from Ar+~P3!2) and four quanta from Ar+~P1/2)' At the highest collision energy, 3.44 eV, the total energy is sufficient to produce H; in vibrational states up to the dissociation limit.
Note that certain vibrational states of H; are in near resonance with Ar+: the Vi = 1 state lies 63 meV below Ar+(lPSf2) and the v' =2 state is only 13 meV below Ar+(2 p1f2 ). We shall refer to the formation of H; in these states as quasiresonant charge transfer (RCT), while formation of H; in higher vibrational states will be considered endothermic, as it requires translational to internal energy conversion. Likewise, formation of Hi in lower vibrational states will be considered exothermic, as it requires internal to translational energy conversion. Figure 2 presents a schematic diagram of the crossed-beam instrument, EVA II, used in this study. Ar+ ions are produced by impact of 100 eV electrons and therefore are presumably distributed statistically in a 2: 1 ratio between the 2pSf2 and the 2Plf2 states, which differ in energy by 0.178 eV. 25 After mass selection, these ions are decelerated and focused into a collimated, nearly monoenergetic beam. Usable beams with laboratory (LAB) energies as low as 0.5 eV are produced, typically, with an energy spread of 0.2 eV (FWHM) and an angular width of about 1 0 (FWHM). This ion beam is crossed at right angles by a modulated, thermal energy beam of H2 molecules effusing from a multichannel capillary array. Angular distributions are measured by rotating the beams with respect to the fixed detector. Ions paSSing through the detection slit are energy analyzed by a retarding potential energy analyzer whose performance for low-energy ion detection has been carefully checked, mass analyzed by a 60° magnetic-sector mass spectrometer, and detected by an electron multiplier. Phase sensitive detection is used to distinguish reactions occurring in the crossedbeam region from those occurring in the background gas, and signal averaging is employed to enhance the signal-to-noise ratio.
II. EXPERIMENTAL
Experiments were performed at relative collision energies of 3.44, 0.48, and 0.13 eV (c. m.), thus extending from moderate to near-thermal energies. In each case, laboratory angular distributions were measured by recording the ion intenSity while rotating the beam sources with respect to the fixed detector. Laboratory energy distributions for the H; product ion were measured three times at each of ten to twenty discrete laboratory angles between -15° and + 92°. These data, averaged and appropriately scaled at each angle, were used to construct contour maps of the product ion velocity vector distributions. 26 Finally, product c. m. angular and translational energy distributions were derived from these maps in accord with the usual transformation relations. 26 (1) at the relative collision energy 3.44 eV (c.m.). The position of the center-of-mass serves as the origin, and the initial Hz velocity in the c. m. defines the 0° direction. The line marked RCT shows the magnitude of the Wz velocity expected if charge transfer occurs in a resonant manner; L e., with no exchange between internal and translational energy. It can be seen that the product intensity peaks at or slightly beyond the RCT velocity and in the forward (0°) direction. In the c.m. system, this peak corresponds to H~ ions which have experienced little or no angular deflection or kinetic energy change during the charge transfer process; in the LAB system, this peak corresponds to thermal energy H; ions. Note, however, that there is also a distinct ridge of very low product ion intensity at all angles. This large-angle scattering, which Signifies appreciable momentum transfer during the charge transfer process, presumably arises from intimate encounters occuring in small impact parameter collisions.
III. RESULTS

A. Contour maps
The H~ product velocity vector distribution produced at a relative collision energy of 0.48 eV is shown in Fig. 4 . Although the main peak of product intensity is still in the forward direction and slightly beyond the RCT circle, the large-angle scattering has increased in importance and a distinct, secondary maximum has appeared in the backward (180 0) direction. In contrast to the prinCipal, forward maximum, this lower, backscattered peak maximizes at product velocities less than the resonant velocity.
The results obtained at 0.13 eV relative collision energy are shown in Fig. 5 . There is now even greater product intensity at large scattering angles, and the Cartesian intensity at the maximum of the back-scattered peak is greater than 70% of the maximum intensity of the forward-scattered peak. Comparison with Fig. 3 shows that decreasing the collision energy from 3.44 to 0.13 eV -a factor of 25-has caused the relative importance of the back-scattered peak to increase by a factor of about 3500.
Despite the nearly equal intensity in the forward and backward directions, however, note that the product distribution is not symmetric about the ± 90° axis, as would be required if the charge transfer process proceeded by the formation of an ArH~ collision complex that had a lifetime greater than several rotational periods (about 10-13 sec). The forward-scattered Hi ions peak at velocities slightly greater than the RCT velocity and are confined to c. m. scattering angles less than about 60°, whereas the back-scattered product ions peak at velocities considerably less than the RCT velocity and form a broad distribution extending over c.m. scattering angles from 60° to 180°. From this we conclude that reaction (1) occurs predominantly in a direct manner, with no evidence for the formation of a long-lived intermediate complex, over the energy range studied. Similar conclusions have been made for the rearrangement process, reaction (2) derived from the contour maps using the relation
where pc(u, X) is the Cartesian probability of finding product at the c.m. velocity u and scattering angle X.
The results (Fig. 6 ) show a strong, narrow peak in the forward (X = 0°) direction at all three energies. The fact that the product Hi ions undergo little or no angular deflection indicates that charge transfer occurs by a simple electron jump at large intermolecular separation, as postulated in the rectilinear trajectory model 27 of charge transfer. Clearly, this is the vastly dominant mechanism at 3.44 eV, in agreement with Tully's trajectory calculations. 20
Hi ions scattered through large angles are presumably produced in intimate encounters resulting from small impact parameter collisions. Of little or no importance at the highest collision energy, this intimate collision mechanism is seen to be comparable in importance to the electron-jump mechanism at T =0.13 eV. At this energy, the amount of Hi scattered through large angles shows that charge transfer competes effectively with atomic rearrangement in small impact parameter collisions. The reported 22 • 23 decrease in the cross section for the charge transfer process, reaction (1), at low collision energies had been rationalized by the assumptions that atomic rearrangement, reaction (2), dominates in aU collisions occuring with impact parameters less than the critical (Langevin) impact parameter for classical orbiting in an ion-induced dipole potential. The present results refute the validity of this assumption and indicate that a model such as that proposed by Wolf and Turner 28 
C. Product translational energy distributions
Information on energy disposal in the reaction and on the final state population of the reaction product can be obtained from the distribution of product relative translational energy P(T'). For each experiment the translational energy distributions for the electron-jump mechanism and for the intimate collision mechanism were derived separately by appropriate three-dimensional intergration of the product contour maps over the regions Oo:s x:s 60 0 and 60 0 :s x:S 180 0 , respectively. The results for the electron-jump mechanism are shown in Fig. 7 , where P(T') is plotted versus t::..T, the change in relative translational energy of the system. The vertical line at t::..T=O corresponds to resonant charge transfer, while positive values of t::..T indicate the conversion of internal to translational energy (i. e., an exothermic process), while negative values of t::..T indicate the converse. The lines at the top of the figure indicate the values of t::..T corresponding to the production of H; in particular vibrational and rotational states from Ar+, in either the 2 P 3 / 2 or the 2 P 1 / 2 state. The shaded curve shows the distribution of relative collision energies for the experiment at T=O.13 eV. This curve, which includes the thermal spread in the translational and rotational energies of H2 as well as the spread in the translational energy of the Ar+ ion beam, gives a measure of the energy resolution of the experiment.
The upper curves show the product translational energy distributions obtained for the electron-jump mechanism at the various collision energies. Four conclusions can be derived from these data. (il The product energy distributions are remarkably similar despite the difference in collision energy, indicating that the distribution of H; internal states produced by the electronjump mechanism is rather insensitive to the collision energy. (ii) In all cases the maximum in the distributions occur just on the exothermic side of the RCT line, indicating the release of a small amount (0.07 eV) of internal energy as product translation. Unfortunately, the present experiment cannot provide direct information on the partitioning of product excitation between vibrational and rotational modes, so some ambiguity exists concerning the exact u f , J' state of H; formed. There is, however, evidence from studies of similar charge transfer reactions that large values of tl.J are very unlikely. 29 Assuming this to be the case, the data show that Hi is most likely to be formed with v' =1 form Ar+(2P3/2) and with 1/ =2 from Ar+(2p 1 / 2 ), J' being small in both cases. Because much of the width of the product translational energy distributions is caused simply by the spread in the initial collision energy, we can also conclude (iii) that exothermic processes (v' =0) are rather unlikely, and (iv) that endothermic processes are very unlikely in the electronjump mechanism.
The importance of Franck-Condon (FC) factors and energy resonance on the magnitude of charge transfer rate constants is a question that has often been raised in the literature but has not yet been resolved. 29 In an effort to shed some light on this important problem, we have analyzed the product translational energy distributions for the electron-jump mechanism in some detail, using models that focus on each of these factors.
The basic assumption of the first model (hereafter referred to as the FC model) is that the probability of forming H; in a particular vibrational state v' is dete rmined by the FC factor for the transition to that state from the ground vibrational state of H 2 , subject only to the condition that the state v' is energetically accessible. The physical basis of this model is the supposition that, in the electron-jump mechanism, charge transfer is a fast process which takes place at large ion-molecule separations and on a time scale short compared to nuclear motion.
The second model considered (hereafter called the adiabatic model) assumes that the probability of forming H 2(v') is unity for the vibrational state of H 2 most nearly resonant with the recombination energy (RE) of Ar· and is zero for other vibrational states of Hi. This assumption is consistent both with the empirical expression derived by Hasted 31 , 32 to fit charge transfer cross section data, and with semiclassical impact parameter calculations. 27,33 Hasted 31 found an exponential decrease in the cross section with an increase in the absolute value of the energy defect, while the calcula- Fig. 1 , however, there exist in the present case vibrational states of Hi which, in their ground rotationallevels, are so nearly resonant with Ar+ that the energy defect flE is less than the energy resolution of the experiment. As a result, the product translational energy distributions predicted by our adiabatic model are essentially the same if we consider the vibrational or the vibrational-rotational state of H~ most nearly resonant with the RE of Ar+. Consequently, we have ignored rotational sublevels in these model calculations. )
Two further assumptions, necessitated by experimental conditions, were common to both models: first, that the Ar+ beam is a statistical 2: 1 mixture of the 2P3/2 and 2P 1 / 2 states, respectively; second, that (for lack of more precise information) the two states of Ar+ have equal cross sections for charge transfer with H 2 • The predicted product translational energy distri-bUtions, convoluted with the distribution of relative collision energies ariSing from the spread in Ar+ and H2 beam energies and the angular divergence of the H2 beam, were then compared with the translational energy distributions obtained for the electron-jump mech-anism at each of the three collision energies. Figure 8 compares the predictions of the FC model with the product distribution measured in the experiment at O. 13 eV relative collision energy. The agreement is not particularly good, with the model predicting substantially more H; in the exothermic (low v') channels than is observed experimentally. (The high v'
states of H 2 are, of course, energetically forbidden at this collision energy). In the 0.48 eV experiment (Fig.  9 ), the FC model also gives poor agreement, predicting appreciably more H 2 in both the exothermic and endothermic (high v') channels than is measured. In the 3.44 eV experiment (Fig. 10 ), the FC model again overestimates the importance of the endothermic channels but gives reasonable agreement for the exothermic channels. From these comparisons we conclude that, particularly at the lower collision energies, the existence of favorable FC factors alone is not a sufficient condition for the product via the electron-jump mechanism of H 2 in vibrational states which are not nearly resonant with the RE of the reactant ion. This result is not unexpected, as it is generally recognized that the conversion of electronic energy into translational energy is rather inefficient.
Comparison of the adiabatic model with the measured product translational energy distribution for the electron-jump mechanism at 0.13 eV relative collision energy is shown in Fig. 11 . Agreement, although not perfect, is considerably better than that obtained for the FC model (Fig. 8) , Agreement between experiment and the adiabatic model is also found to be quite good for the T= O. 48 eV experiment (Fig. 12) . The fact that the measured distributions are slightly broader than the predicted distributions in both cases may be attributed to experimental uncertainty in deriving the energy dis- tributions from the contour maps and/or to changes in the rotational energy of the hydrogen in the charge transfer process. In the high-energy experiment (Fig.  13 ) agreement is less good, with the observed energy distribution being significantly broader' than the pre- dicted one. From these comparisons we conclude that, particularly at the lower collision energies, the electron-jump mechanism selectively populates that vibrational state of the molecular ion which is most nearly resonant with the RE of the reactant ion.
The product translational energy distributions produced by the intimate collision mechanism are shown in Fig. 14. Because the product energies varied considerably in the three experiments, the results are plotted separately as P{T') vs T'. Again, the vertical P (T') ". , ing that H; is produced in a distribution of vibrational states by this mechanism. (ii) The distributions peak slightly to the endothermic side of the ReT line, indicating that the most probable mode of H ~ formation in intimate collisions involves the conversion of a small amount (-0.1 eV) of translational energy to internal energy of the ionic product. (iii) There is still appreciable product intensity at the point corresponding to conversion of all initial collision energy to product excitation. In fact, at T= 3. 44 eV, some of the Hz ions are excited to their dissociation limit. Presumably, dissociative charge transfer is also occurring at this collision energy, but no effort was made in the present study to detect the resulting H + ions.
IV. SUMMARY
We have found that charge transfer between Ar+ and Hz proceeds in a direct manner rather than by the formation of a long-lived intermediate complex over the energy range 0.13-3.44 eV, and that two distinct reaction mechanisms are operative: (a) an electron jump at large separations occurs at all collision energies, and (b) an intimate collision mechanism becomes increasingly important as the collision energy is lowered. Secondly, the results show that electron transfer competes effectively with atomic rearrangement in small impact parameter collisions, particularly at the lower collision energies. Third, energy disposal depends upon the reaction mechanism: the electron-jump process produces a rather narrow distribution of internal states of H;, with the most highly populated vibrational states of the product ion being those most nearly resonant with the recombination energy reactant ion. The intimate collisions, on the other hand, produce Hz in a broad range of vibrational states, the most probable channels being those which are slightly endothermic.
